The use of encapsulation technology to produce a compliant waste form is an outgrowth from existing polymer industry technology and applications. During the past 12 years, the Department of Energy (DOE) has been researching the use of this technology to treat mixed wastes (i.e., containing hazardous and radioactive wastes). The two primary encapsulation techniques are microencapsulation and macroencapsulation. Microencapsulation is the thorough mixing of a binding agent with a powdered waste, such as incinerator ash. Macroencapsulation coats the surface of bulk wastes, such as lead debris.
INTRODUCTION
This report will review micro-and macro-encapsulation technologies and their potential effectiveness to produce storage-compliant wastes. The information in this report was derived from several reports and articles prepared by scientists at the Brookhaven National Laboratory (BNL), Rocky Flats Environmental Technology Site (RFETS), and Idaho National Engineering Laboratory (INEL) . The Department of Energy (DOE) is interested in using this technology to store low-level mixed wastes, and over the past 12 years has been supporting the development of encapsulation treatment (Faucette, 1996) . Polymer encapsulation has been proposed as the process to produce Resource Conservation and Recovery Act (RCRA)-compliant waste forms for several mixed wastes at RFETS (Arrnentrout and Faucette, 1996) . RFETS has therefore conducted a fair amount of research on encapsulation technology. BNL has also conducted research on encapsulation technology and its application to DOE waste streams. In particular, BNL has examinedpolyethylene and modified sulfur cement encapsulation while RFETS has focussed on polymer encapsulation.
Encapsulation is a process that coats waste materials in a manner that permits safe storage of the waste. If the waste to be encapsulated contains hazardous or mixed wastes, then the resulting encapsulated product must meet federal (RCRA) and state requirements for storage of these substances. Typically, this means that the encapsulating material must be resistant to leaching and degradation by the contaminants which will be in contact with the encapsulant (40 CFR 268.45). The DOE laboratories that have been testing this technology have not only tested encapsulants for leachability and chemical degradation, they have also tested some encapsulants for: biodegradation; tolerance to irradiation; environmental stress cracking; photodegradation; flammability; compressive strength; and ability to tolerate thermal cycling (Kalb and Coiombo, 1984; Kalb et al., 1991b; Kalb etal., 1993) . These tests have also shown that encapsulation is an appropriate treatment technology for mixed waste streams including: evaporator concentrate salts, sludges, incinerator ash, ion exchange resins, blowdown solutions, and molten salt oxidation residuals. Additionally macroencapsulation has been proven as an effective treatment of radioactive lead and debris wastes.
Materials that are used as encapsulating agents include cement, modified cement, and two classes of polymers, namely, thermosetting and thermoplastic. Thermosetting polymers, e.g., epoxies, are the product of the chemical reaction between aliquid monomer and acuring agent. They are used to encapsulate powdered waste by mixing the waste with the two thermosetting substances. One of the significant problems with thermosetting encapsulation is the possibility of the waste chemically reacting with the thermosetting agents and thereby preventing solidification (Faucette, 1996) . However, thermosetting polymers may successfully be used for macroencapsulation of wastes. Thermoplastic polymers, e.g., polyethylene, are heated above their melting point temperature (110OC) then mixed with powdered waste and poured into a disposal container for cooling and hardening. Because this temperature is sufficiently low, no off-gas treatment is required and no secondary wastes are produced (Faucette, 1996) . The following text will discuss microencapsulation and macroencapsulation in more detail. This discussion will describe the processes, types of encapsulants, and the potential durability of the encapsulated products.
DISCUSSION

Microencapsulation
Microencapsulation is aprocess that thoroughly mixes fine waste particles with an encapsulant prior to or during extrusion (see Figure 1 ). According to RCRA 40 CFR 268.45, microencapsulation is an alternative treatment standard for hazardous waste, but must produce a final waste that meets the RCRA Toxicity Characteristic Leaching Procedure (TCLP) concentration limits, Method 13 11 of EPA Publication SW-846 (Roach, 1996) . Microencapsulating materials primarily include cemendgrout and polymers. Common cements and grouts, such as Portland cement, are typically considered to be less expensive than polymer encapsulants (at 20 tons/hr, polyethylene would cost $95 to $112 per ton of waste ash treated versus $50 to $60 per ton for cement; Faucette, 1996) . However, if all operation costs are considered, specifically storage, shipping and disposal, then polymer microencapsulation is significantly more cost effective than cement ($ 18,744/m3 for polymer encapsulation versus $65,707/m3 for cement; Faucette, 1996) . The primary reason that polymer encapsulation is more cost effective when all processes are considered is due to the fact that polymers have a higher waste loading (Le., more waste per unit encapsulant) than cement which results in a significantly reduced waste product volume. Figure 2a depicts Figure 2b . The maximum waste loadings of various wastes encapsulated in cement and polyethylene (from .
vap rizatiodvolatilization of the watedorganic in the waste. Pre-encapsulation treatments, such drying, can yield waste streams that are amenable to encapsulation.
Modified Cement Encamulation
Some waste streams contain soluble metal salts which form acids when exposed to moisture. An acidic environment can prevent solidification of cements leading to a reduction in mechanical strength and increased mobility of contaminants. Kalb et al. (1991a) investigated the efficacy of a modified sulfur cement as an encapsulant for NEL mixed-waste-contaminated incinerator ash that contained metal chloride salts, primarily zinc chloride. "Modified sulfur cement is a thermoplastic material that can be easily melted, combined with waste components in a homogeneous mixture, and cooled to form a solid monolithic waste form" (Kalb et al., 1991a) . Sulfur cements have several advantages over common hydraulic cements (e.g., portland cement), namely: solidification does not require any chemical reaction; compressive and tensile strengths are twice those of portland cements; and sulfur cements are resistant to degradation by most acids and salts (Kalb et al., 1991a) .
The U.S. Bureau of Mines developed modified sulfur cement in 1972 to utilize the sulfur by-product from flue gas and petroleum distillation processes. Elemental sulfur is reacted with hydrocarbon polymers that yield a product that suppresses solid-phase transformation and therefore improves material stability (Kalb et al., 1991a) . Kalb et al. (1991a) tested the leachability of the sulfur cementlwaste product using the TCLP. The results of this test showed that the leachate contained cadmium (Cd) and lead (Pb) contents well above the 1.0 m g L Cd and 5.0 mgL Pb allowed by EPA (i.e., leachate Cd and Pb contents were 85 m g L and 46 mg/L, respectively). Therefore, Kalb et al. investigated several potential additives that would reduce the mobility of heavy metals in the incinerator ash waste. Sodium sulfide (Na2S) was selected for use as an additive because it reacts with metal salts to form metal sulfides which have an extremely low solubility. TCLP tests were conducted on the modified sulfur cement plus additive waste product and the metal content of the leachates were well below EPA allowable contents. Table 1 lists the results of the TCLP test. Figure 3 depicts how use of modified sulfur cement and Na2S results in a higher waste loading than common cement.
Polymer Encapsulation
There are two general groups of polymers, thermoplastic and thermosetting. Because thermoset polymers require reaction between a liquid monomer and curing agent, some waste components react with the monomer and curing agent thus interfering with solidification (Faucette, 1996) . Therefore, thermoset polymers are better suited to macroencapsulation. Another consideration is the relatively high cost of thermoset resins. Thermoplastic polymers (such as polyethylene) are heated above their melting point (110°C) and mixed with powdered wastes. The molten mixture is poured into disposal containers (e.g., 55-gallon drums) where solidification occurs as the mixture cools (Faucette, 1996) . Most chemicals do not react with polyethylene and therefore polyethylene is well suited for microencapsulation. In addition, polyethylene may be derived from recycled plastics, a cost-effective and environmentally efficient approach to encapsulation. Studies completed to date indicate that waste loadings of 30 to 80 wt% are possible with polyethylene extrusion. Waste loadings of 50 wt% are typical for most mixed wastes that have been tested (Faucette, 1996) . state that polyethylene encapsulation can accommodate up to 70 wt% nitrate salt waste compared to 13 to 20 wt% when portland cement is used as the encapsulant. Faucette (1996) states that polymer encapsulation provides increased waste loadings, Le., more waste by wt% can be encapsulated with polyethylene than cement, increased encapsulation product durability, and is rather insensitive to variations in waste stream chemistry in comparison to common cement. While the polyethylene microencapsulation process is resistant to most chemicals, it is sensitive to moisture content. If wastes contain more than 3 to 10% moisture, a drying procedure must be performed prior to polyethylene extrusion.
Polyethylene is a thermoplastic polymer that has been researched more extensively than any other thermoplastic polymer by DOE laboratories. Therefore, this discussion is limited to polyethylene. "Polyethylene is an organic polymer material of crystalline-amorphous structure, formed through the polymerization of ethylene gas" (Kalb et aL, 1991b) . By controlling the design of polyethylene's molecular structure, hundreds of compound variations with differing properties may be produced. These variations are produced by manipulating process parameters and selecting particular additives, and are characterized by the degree of crystallinity (Kalb et aL, 1991b) . The degree of crystallinity determines the density of a particular polyethylene, which affects a number of material properties, as listed in Table 2 . In addition, the melt index (a measure of viscosity or the ease with which molten polyethylene flows) and molecular weight (an average of all polymer chains produced during polymerization) affect the properties of polyethylene. Polyethylenes with high molecular weights tend to be tougher and are more resistant to stress cracking and harsh chemicals than low molecular weight polyethylene. However, they are more difficult to process; therefore, a narrow molecular weight distribution (2.5: 1 to 18: 1) provides a balance between process ease and optimal mechanical properties (Kalb et al., 1991b). By controlling the polymerization process pressure, low-density polyethylene (LDPE) or high-density polyethylene (HDPE) may be produced. LDPEs (densities ranging from 0.910 -0.925 g/cm3) result from high-process pressures which produce a large number of polymer branches.
HDPEs (densities ranging from 0.941 -0.959 g/cm3) are formed under low-process pressures that give rise to long linear chains of polymerized ethylene. Medium-density polyethylenes (0.926 -0.940 g/cm3) can be produced either by adjusting process pressures or mixing LDPE and HDPE materials. Although Table 2 indicates that higher-density polyethylenes have greater mechanical strengths and are more resistant to harsh chemicals, LDPE is more favorable because its increased branching results in a greater resistance to biodegradation (Kalb et al., 1991b) . BNL uses LDPE for its encapsulation process because it does not require high temperatures and pressures and it is therefore more cost effective than HDPE (Kalb et al., 1991b) .
As stated previously, various waste streams have been used to test encapsulation processes. In particular, polyethylene microencapsulation has been shown to be an effective treatment approach for evaporator concentrate salts, sludges, incinerator ash, and ion exchange resins, all of which may contain mixed wastes (Le., radiation and toxic heavy metals). Table A-1 in Appendix A lists the various chemicals for which polyethylene may be used. This list clearly shows that there are very few chemicals for which polyethylene would be an inappropriate encapsulating material with a major exception of various oils and gasoline.
Several studies have been performed by DOE laboratories to evaluate encapsulated waste form performances. The primary goals of these studies were to: provide input data for modeling disposal site performance estimate long-term durability of waste forms demonstrate compliance with existing environmental regulations examine potential synergistic effects of waste-binder interactions on performance and durability compare performance among potential binder materials" (from Kalb et aL, 1991)
The tests performed by Kalb et al. (1991) used laboratory and pilot-scale waste materials containing simulated sodium nitrate salt or actual nitrate salt waste from Rocky Flats. Other studies performing similar tests on sodium sulfate, boric acid, incinerator ash and ion exchange resins were cited by Kalb et al., Le., Kalb and Colombo, 1984; Franz and Colombo, 1984; Franz et aL, 1987; and Heiser et aL, 1989 .
Waste-binder Compatibility
Waste streams of more than 5% nitrate salt compositions were tested with polyethylene at temperatures up to 400°C (three times higher than the standard processing temperature of 120°C). Several thermograms obtained by differential scanning calorimetry were obtained. The only peaks observable in these thermograms were characteristic endotherms corresponding to melting points or crystal transitions of the materials. The absence of exothermic peaks at temperatures up to 400°C is indicative of the thermal stability of the polyethylene/nitrate salt waste mixtures.
Compressive Strength
Compressive strength was tested to show the ability of the encapsulated waste to withstand loading pressures common with stacking of waste forms and burial under soil or barrier materials. ASTM D-695, the Standard Method of Test for Compressive Properties of Rigid Plastics, was used to test the waste form strength. The compressive yield strength was shown to vary with waste loading, from 7.03 MPa for 70 wt% sodium nitrate to 16.3 MPa for 30 wt% sodium nitrate. These results were well above the minimum 0.41 MPa Nuclear Regulatory Commission (NRC) strength criteria. Figure 4 shows the compressive strength of various wt% sodium nitrate untreated and after 90 days of water immersion.
Water Immersion Testing
The polyethylene encapsulated waste forms were immersed in water for 90 days and then tested for compressive strength as stated above. Figure 4 depicts the results of this test and clearly shows that in general no loss of compressive yield strength was observed. Only the 70 wt% sodium nitrate salt waste form exhibited an approximate 30% reduction in compressive strength. However, all samples still exceeded the minimum compressive strength criteria by at least one order of magnitude (Kalb et aL, 1991b) .
Thermal Cycling
The thermal cycling tests were conducted according to ASTM B-553, StandardMethod of Test for Thermal Cycling of Electroplated Plastics. "Cored specimens from the pilot-scale waste form were cycled between temperature extremes of -40°C and +60"C for a total of 30, five-hour periods" (Kalb et aL, 1991b) . Table 3 lists the results of this test and indicates that no statistically significant changes in compressive yield strength were produced by the thermal cycling. (1991b) indicated that polyethylene is not susceptible to biodegradation, particularly LDPE. Testing of polyethylene waste forms containing sodium sulfate, boric acid, incinerator ash, and ion exchange resin resulted in no growth of microorganisms (Franz and Colombo, 1984) . The tests were performed according to ASTM G-21, Standard Practice for Determining Resistance of Plastics to Bacteria. In addition to pilot-scale core samples, blank control samples of polyethylene were tested. After 2 1 days of incubation, no fungal or bacterial growth was observed on any of the samples. However, compressive yield strength tests resulted (see Table 3 ) in a 29% reduction of strength for the incubated samples (note: the compressive yield strength was still above the minimum required). Because no microorganism growth was observed, the decline in compressive yield strength could not have been due to biodegradation. The authors re-examined the samples and found that some solubilization of the nitrate salts had occurred in both the nutrient agar and sterilization solvent. Because the coring process resulted in fresh-cut surfaces, solubilization was accelerated. This would not occur under normal processing conditions.
Radiation Stability
Pilot-scale core samples of sodium nitrate waste form were exposed to a 6oCo gamma source at a dose rate of 3.6 x lo6 rad/hr, for a total dose of lo8 rad. Irradiation resulted in an 18% increase in compressive yield strength as indicated in Table 3 . These results confirm the prediction of other studies that irradiation would increase polyethylene strength. Therefore, encapsulation of low-level waste/mixed waste with polyethylene should result in a compliant waste form.
Leachability of Radioactive Constituents
Kalb et al. (1991b) performed the EPA Toxicity Characteristic Leaching Procedure (TCLP) on encapsulated sodium nitrate salt wastes from the Rocky Flats Plant in Colorado. The tests were designed to simulate probable sanitary landfill conditions. In particular, the TCLP requires vigorous agitation. The results of this test are compared with the untreated waste and reported in Table 4 . Polyethylene encapsulated wastes were below the EPA leachate allowable limits for the metals reported. Kalb and Colombo (1984) prepared simulated radioactive waste containing 10,30 and 50 wt% sodium sulfate, 25 and 35 wt% incinerator ash, and 137Cs, 6oCo and *%r tracers. Leaching tests were performed according to the American Nuclear Society ( A N S ) 16.1 Standard "Measurement of the Leachability of Solidified Low-Level Radioactive Wastes." The samples were leached for 9 1 days in demineralized water at a temperature of 20 f 2°C. While Kalb and Colombo (1984) do not specify whether the A N S procedure requires agitation, it is highly probable that the A N S procedure is not as conservative as the more recent TCLP. In general, Kalb and Colombo found that all three tracers leached at similar rates with larger amounts of tracers leaching from the higher waste load samples and with increased exposure to the leaching solution. It was also found that higher amounts of tracer leached from the sodium sulfate in comparison to the incinerator ash. The authors hypothesized that the highly soluble nature of the sodium sulfate salt resulted in dissolution of the salt and hence an increased porosity within the waste. The solubility of the salt and the increased porosity provided more pathways for tracer migration. Unfortunately, Kalb and Colombo do not provide any information about allowable radioactive leachate amounts and therefore it is not possible to ascertain whether the amounts of tracer measured were environmentally significant or not.
While the Kalb and Colombo (1984) data limit interpretation, a study by Kalb, Fuhrmann and Colombo (1993) provides information that permits long-term assessment of leaching. Kalb, Fuhrmann and Colombo (1993) performed an accelerated leach test (ALT) to model cumulative fractional releases of waste after 300 years of leaching under fully saturated conditions. Table 5 lists the projected releases of wastes treated by polyethylene encapsulation after 300 years of leaching. The only limitation of this model is the assumption that the treated wastes remained structurally stable during that time interval. Their results indicate that approximately 5 -17% of the contaminant source will be leached after 300 years of exposure to saturated conditions. They state that in contrast, portland cement waste forms would release about 17% of the contaminant source after only 11 years. Therefore, polyethylene binder provides 27 times the leaching longevity as portland cement. 
CFL(%)
De ( (1993) state that flammability is not aconcern for treated wastes after they have been deposited in shallow IandfiIIs, because there is not sufficient oxygen available for combustion. However, during the treatment and transportation phases, combustion may occur. Samples of LDPE were tested according to ASTM D-1929 "Standard Method of Test for Ignition Properties of Plastics." The flash ignition temperature for polyethylene was 409" C and the self-ignition temperature was 430°C. Because polyethylene is heated to only 120°C for extrusion purposes, it is highly unlikely that a fire will occur during the treatment process. If the polyethylene waste form should be ignited, polyethylene bums slowly in a controlled manner, i.e., 1.0 idmin .
Environmental Stress Cracking and Photodegradation
Environmental stress cracking of polyethylene may occur under conditions of stress when exposed to soaps, detergents, wetting agents, or oils . It is not probable that polyethylene encapsulated waste forms would be exposed to high stress and the above mentioned chemical agents according to . Deterioration of polyethylene's mechanical properties will occur when exposed to sunlight and oxygen for long periods of time. However, the photodegradation effect would only impact the surface of the waste form, if the wastes were stored in an exposed manner. Because wastes are typically buried in a shallow landfill, photodegradation is not likely to occur .
Microencapsulation Treatment Facilities Table 6 provides a list of microencapsulation treatment system facilities. To date, no polyethylene extrusion processes are permitted for mixed wastes (Faucette, 1996) . It is anticipated that this will change as DOE works with private industry to commercialize encapsulation waste treatment. 268.40 states that macroencapsulation is a treatment standard for radioactively contaminated lead solids. Because macroencapsulation is simply the application of a surface coating to a solid rather than mixing with fine particles, macroencapsulation is not governed by as many regulations as microencapsulation. For sleeve-type (i.e., the fusing of a polymer lid onto a polymer sleeve which contains the debris) macroencapsulation, the final waste form must pass the DOT drop tests specified in 49 CFR 173.461 through 465 (Roach, 1996) . In addition, containerized waste must not exceed a 10% void volume according to 40 CFR 264.315, and any state requirements.
Because the most difficult and abundant DOE waste streams are composed of fine particles which contain mixed wastes, most of the research conducted by the DOE laboratories has focussed on microencapsulation technology. In fact, INEL, BNL and FEETS did not provide any reports or articles that discussed test results for macroencapsulation. However, based on the information provided in the previous microencapsulation section, it is possible to extrapolate test results to macroencapsulated waste forms.
As stated in the previous section, thermoplastic binders (e.g., polyethylene) meet or exceed all requirements for compression strength, biodegradation, leachability, flammability, irradiation, photodegradation, and chemical interaction. The most important test that would be required of any binding agent used in macroencapsulation would be its ability to resist stress fracturing with weight loading or during transportation. The same will probably hold true for most thermosetting polymers except as noted previously, the resins used for thermosetting polymers can often react with components in the waste debris. The likelihood of chemical interactions with large pieces of waste debris are likely to be reduced in occurrence and effect due the nature of most lead and debris wastes and the decreased surface area in contact with the polymer. It is self evident that polymer encapsulants would have a higher resistance to stress fracture than cements and would be less likely to degrade from saturated conditions or biodegradation. But because the weight loading of macroencapsulation would be the same for cements and polymers, the cost of polymer macroencapsulation would probably be higher. The treatment systems that are presently providing macroencapsulation processing are listed in Table 7 . 
CONCLUSIONS
Mixed waste encapsulation treatment using polymers has been adopted by DOE researchers from existing processes developed within the polymer industry. Researchers at BNL and RFETS have performed several tests on the applicability and durability of polymers (predominantly polyethylene) for encapsulation of DOE mixed waste streams. The encapsulation of fine particle waste streams such as incinerator fly ash, evaporator concentrates (e.g., nitrate salt wastes), and ion exchange resins has been one of the primary concerns of the researchers. This is due to the fact that these wastes contain chemical components, such as metals, that increase the difficulty of producing a cost-effective compliant waste form for storage.
Most of the research that has been reported addresses microencapsulation of powdered wastes; limited research has been performed on macroencapsulation. This is due to the fact that there are more risks associated with microencapsulation, e.g., leachability, degradation, and potential for chemical interaction between the polymer binder and the fine wastes. The primary concerns for macroencapsulation are the durability of the encapsulating polymer and the potential for stress fracture. Because macroencapsulation is the encapsulation of a bulk waste such as lead debris, leaching and chemical interaction with the solid waste are not of concern.
Although polymer encapsulation is not as widely used as cementation, polymers offer several advantages over the typical cement encapsulation processes. The most important advantages are the increased waste loadings, the increased durability of the waste form, and the relative insensitivity to variations in the waste stream chemistry. These advantages also make it possible for polymer encapsulation, particularly polyethylene, to provide an overall treatment cost savings. The increased waste form durability is a result of the fact that polyethylene is highly resistant to biodegradation, attack by aggressive chemicals, and radiation doses. In fact, radiation doses through lo* rad increase the crosslinking and improve strength and other physical properties of polyethylene . Other advantages include: it has passed all EPA and NRC tests for compressive strength and leachability; the fact that it is an off-the-shelf technology where all of the equipment and materials are already available from private vendors; the technology is relatively simple; it is a non-thermal treatment process and therefore no secondary waste streams are produced; the polymer industry has decades of experience in polymer processing; and it provides a market for recycled polymers.
The only disadvantage of this technology is, at this point in time, no pilot-or full-scale tests have been performed using polyethylene encapsulation to treat actual low-level mixed waste streams. All tests have been conducted with surrogates. Faucette (1996) notes that extended hot pilot-scale tests using actual waste streams were planned for 1996 and results should soon be forthcoming.
If the "hot" tests with actual waste streams at RFETS yield successful results and given the favorable results summarized in this report, polymer encapsulation of low-level mixed wastes should be strongly considered for treatment of wastes from the Nevada Test Site. 
